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Technology Requirements
Traceability from Science Goals

« Science goals
« The need for high-res CMB

« Signatures sought
« Systematics-busting technologies
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Physics & Cosmology
from the CMB at Small Scales

« NEUTRINO MASSES (summed)

« H of EARLY RELATIVISTIC SPECIES

- INFLATION (delensing for r)

« DARK ENERGY

« MODIFIED GRAVITY

« EXOTICA (DM decay, strings, changing constants ++)




Neutrino Mass: S4 Goals

Considering CMB Lensing & Baryon Acoustic Oscillations

S4 goal: 4o
for minimum =m,
(Em,~ 60 meV)

Forecasts adapted | arXiv: 1309.5383
from Allison et al
2015: 1509.07471

CURRENT 20:
VARSI s < 230 meV

Planck + BOSS
CURRENT ne
/ rojected 16 = 100 meV arXiv:1502.01589

S4 + DES| (Planck + BOSS)

10 = 15 meV

50 100
rm, [meV]

Fisher errors; multipole cut in lieu of foreground subtraction




Primordial vs Late-time

Comparing the primordial universe (via the CMB) to the late-time
universe as probed through baryons.

Current power spectrum P(k) [(h-! Mpc)?]
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Figure from Tegmark 2005 (better data exist now!)
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The Need for Hi-res CMB

At small angular scales the CMB encodes late-

time properties as well as primordial ones!

P(k,z=0) [Mpc?]
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& (Tinkerotal. 2011

—8— CCCP II (Vikhlinin et al. 2009)
ACT Clusters (Sehgal et al. 2011)
SDSS DR7 (Reid et al. 2010)

ACT CMB Lensing (Dasetal. 2011
ACT+WMAP spectrum (this work)
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EXAMPLE PLOT (circa 2011)

CMB cluster5
.sample

Figures from Hlozek et al 2011 (so not all current datal)
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The need for hi-res CMB

Neutrinos start out relativistic, wander out of small-scale potential wells, and then cool
down, suppressing small-scale structure: need to compare large and small scales!

EVOLUTION:
Neutrinos and dark
energy affect the
expansion history of
IRl the universe, and the
SR growth rate of
structure.

ym, =100 meV |

~ with neutrino mass p &5 %er

CHANCES in P(k)

001 |
k (h/Mpc) Kahn talk: growth
Figure from Snowmass White Paper:  arXiv:1309.5383 provides cosmic clock




... & the need for low-res CMB

NOTE: So =m, depends on normalization at large angular scales, but the
CMB power normalization A, is difficult to detangle from the optical depth
to reionization T.

- WMAP-pol+54(£ > 50)+DESI
~=  Planck-pol+S4(¢ > 50)+DESI

Planck 2015 — S4(¢ > 5)+DESI
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Accurate large angular
scale polarization
measurements break
the degeneracy.

Figure from Allison et al, 2015: arXiv:1509.0747/1




Signatures Sought in the CMB

‘- GRAVITATIONAL LENSING OF THE CMB (map signature) ‘
- CMB POWER SPECTRA (temperature & polarization)
- THERMAL SUNYAEV ZEL'DOVICH EFFECT (frequency signature)

« KINETIC SUNYAEV ZEL'DOVICH EFFECT (correlations with mass tracers)
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CMB Lensing from Map Signature

Simulated difference between lensed
and unlensed CMB in 10°x10° patch
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CMB lensing depens on all the
mass from here to the CMB.

Structure is forming from gravitational T o1 40" 01" 20" 01" 00"

collapse as the CMB traverses it ASRIELiy
IO : Large & small scales are coupled.

RULE OF 2-3: Typically ~ fifty 2-3" deflections, coherent over 2-3°,
mainly coming from redshifts of 2-3.

Das et al, 2011, 1103.2124 ( PRL 107, 021301.




CMB Lensing Gains from Polarization

Example of Sensitivity Gains

FIT Total S/N = 33.51
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Structure is forming from gravitational
collapse as the CMB traverses it.

DELENSING: recover and remove the modes correlated by lensing
which serve as noise to the recovery of large angular scale B modes




Signatures Sought in the CMB

«  GRAVITATIONAL LENSING OF THE CMB (map signature)
‘- CMB POWER SPECTRA (temperature & polarization) ‘
« THERMAL SUNYAEV ZEL'DOVICH EFFECT (frequency signature)
« KINETIC SUNYAEV ZEL'DOVICH EFFECT (correlations with mass tracers)
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CMB POWER SPECTRA

EXAMPLE: # Relativistic Species COMPARE TO:

&TT Spectrum N, = 312 +/- 032
* ‘ -2 Planck 2015 Paper XII
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Signatures Sought in the CMB

« GRAVITATIONAL LENSING OF THE CMB (map signature)
« CMB POWER SPECTRA (temperature & polarization)
‘- THERMAL SUNYAEV ZEL'DOVICH EFFECT (frequency signature)

« KINETIC SUNYAEV ZEL'DOVICH EFFECT (correlations with mass tracers)
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CMB Cluster Finding

CMB photons are Compton-up-scattered by hot gas in clusters:

spoils their blackbody spectra

- -

«

70 GHz

PLANCK CLUSTER

&4 GHz

Unbiased estimate of all modes
from ell ~ 100 - 10000

Atmosphere: 2 deg

(Filtered Here) O
Clusters™: (> .4’)-4’/

Sources*: | .4’

O

* Minimum size set by beam

EXAMPLE PLOT: CLUSTERS AU NATURAL
4x4 Degrees (148 GHz Data)

100 GHz 143 GHz 217 GHz 353%&1:

Figure courtesy of T. Marriage dTcems [uK]

Il 200 -100 0 100 200

' .“' ‘. "l
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COSMOLOGY from N(m,z):

High resolution & sensitivity
improve mass threshold;
Large area improves N;

Multi-frequencies prevent
source contamination
Need z! (optical surveys)
Need m!



Signatures Sought in the CMB

- GRAVITATIONAL LENSING OF THE CMB (map signature)

- CMB POWER SPECTRA (temperature & polarization)

« THERMAL SUNYAEV ZEL'DOVICH EFFECT (frequency signature)

« KINETIC SUNYAEV ZEL'DOVICH EFFECT (correlations with mass tracers)

PAIRWISE VELOCITIES & =m,

Z=U.10
T S 1m, = 150 meV: degenerate CMB photons are Doppler shifted from

- Y m, =150 meV: inverted hot gas in moving clusters - another
© 2my = L0 meV: inverted way to probe the growth rate of
structure - large scale flows.

Requires mass tracers (optical surveys).

U'99920 40 60 80 100 120 140 160 180

r [Mpc/h]
Mueller et al, PRD 2015




Overlap with optical surveys is key

DESI

HSC ultra deep
e-CoSMos
HSCwide  CFHTLS
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« Lensing - more info vs redshift with Lensing x Lensing tomography
« Cluster N(m,z) - need good masses and redshifts
« kSZ - need mass tracers




Systematics-busting Technologies

« As Ruhl & Arnold noted: high sensitivity & multiple frequencies of operation
« As Ruhl noted: modulation to suppress the atmosphere at large scales
« Also needed: good suppression of polarization systematics.

Recall from Ruhl’s talk:
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Errard, Feeny, Peiris, and Jaffe, arXiv:1509.06770




Polarization Systematics

| > Q/U on-axis,

RELEVANT I: Tg,~10 K (averages down if modulate faster than 1/f knee)

| > Q/U near on-axis: dipole, etc.
RELEVANT I: 8Tqys ~ 100 uK (pervasive)

| > Q/U far side-lobes.

Example from BICEPZ2
(arXiv:1502.00596

RELEVANT I:  Ground ~ 300 K (sky rotation at mid-latitude site helps)

RELEVANT I: Galaxy ~ 1 mK, colored (pervasive)

RELEVANT I: Sun ~ 5000 K, moon ~ 250 K (known position, rotation)

Q &> U (determining detector angles)
REQUIRED: good method (man-made source?)

REQUIRED: stability, good bandpass knowledge if frequency-dependent

Q/U emission from instrument itself
IMPACT: mostly on sensitivity
CONCERN: if scan-synch and/or diurnal

Tau A @ 150 CHz

Astrophysical pol

M | sources are messy!

PB Collaboration, ApJ
794:2, 2014.




CMB Power Spectra and T-->P Leakage for a 0.017° Beam

Polarization Systematics

« | > Q/U on-axis,
TECHNOLOGY: modulators

multipole moment (£

' ' A , SPIE 2012
« | > Q/U near on-axis: dipole, etc. ustermann et a

TECHNOLOGY: big, telescope (pushes effects to high ¢
TECHNOLOGY: lenses to maximize fp (large & broad-band)

« | > Q/U far side-lobes.
TECHNOLOGY: mirrors (control or eliminate gaps)

TECHNOLOGY: baffling

« Q &> U (determining detector angles)
TECHNOLOGY:innovative near-field methods
TECHNOLOGQY: far-field source (balloons, satellites, towers)

« Q/U emission from instrument itself
TECHNOLOGY: low-emissivity dielectrics (large & broad-band)




Polarization Systematics

« | > Q/U near on-axis: dipole, etc.
TECHNOLOGY: big, telescope (pushes effects to high ¢

« | > Q/U far side-lobes.
TECHNOLOGY: baffling EXAMPLE PROPOSAL:
5 m Crossed Dragone
(Niemack)

QUIET: 14 m
Crossed
Dragone with
absorbing

baffle (HEMTs)

Receiver
( detector array inside)

Figure courtesy
of O. Tajima




Polarization Systematics

UIET:
« | > Q/U far side-lobes. 84 m
TECHNOLOGY: baffling — L Crossed
o> Dragone
5000 K Sun can be usefull QUIET had delays (‘D X \elivtl;[shorbin
with its upper baffle construction and was able haffle &
to map out how much it was needed. (HEMTSs)
(a) Far-sidelobes (b) Q-band w/o UGS (c) W-band w/o UGS (d) W-band w/ UGS
0 = 90 200
Triple _ Boresight 6 = 13580 — 45
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QUIET Collaboration et al, ApJ 768:9, 2013




SILICON
Polarization Systematics A o

pdria gyeoiriieuy

Concept: cut anisotropic
structures into silicon to engineer
a birefringent metamaterial

Advantages:

(1) larger birefringence than
sapphire leads to thinner hal
wave plates with lower loss

« | > Q/U near on-axis: dipole, etc. #/  andemission
TECHNOLOGY: lenses (large & broad-band) 1] Bemsyto AR cost

predicted performance:
* <1.5 K emission @ 300K
* > 95% modulation efficiency

« Q/U emission from instrument itself + <2% refectons
TECHNOLOGY: low-emissivity dielectrics (large & broad-band)
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Also: large low-loss

|1 > Q/U on-axis, silicon metamaterial
TECHNOLOGY: modulators AR lenses & more.

Big lenses for big telescopes, e.g.
Hex packed optics tubes

100 [
A
" G
BRI ccccecoclml ( - e
ol S GGG ] PICEP3 lens med  SPT-3G lens
| .@@ ! 580 mm 720 mm
—100¢L .

—-150-100 =50 O 50 100 150
cm

Photos courtesy of Z. Ahmed (Michigan S4 Workshop)



One More Technology

Standard CMB muxing methods now are expensive and
space-consuming. Need improvements. KPUP is another.

Microwave SQUID Multiplexing (MMUX)

 combines advantages of microwave resonator-based readout with advantages of TES

SEeNnsors
M1, M2 N3 R, HEMT
33-channel pMUX chip Jf/ T amplifier
[ I
\luj __/ S
RF-SQUID X %

« low noise: Iy < 20 pA/V Hz
— order of magnitude lower than expected photon noise for CMB-S4

— no multiplexed disadvantage )
« clear path to MKID-like multiplexing factors or Content detail
significantly higher with hybrid multiplexing schemes courtesy of H.

(i.e. CDM or FDM within pwave SQUID) Hubmayr, NIST




Princeton Tritium Observatory for Light, Early-universe,
Massive-neutrino Yield (PTOLEMY)

Goals for 2015 Tritium-loaded Granhene Surface frops |

0.15eV@100eV TES Energy Resolutionfs d/ANL
Inlegraleo Sliapflielie / 1Eo IO |70 VI opectrum
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